Abstract. Quantitative Feedback Theory (QFT) is a well known robust controller that deals with plant uncertainty. QFT has been applied to many industrial applications, however it never been applied to any types of grain dryer plant. Grain dryer plant prone to parameter uncertainty and needs a robust controller in order to maintain a good quality of product output. The objective of this paper is to explain step-by-step design procedure of QFT design for a continuous-flow grain dryer plant. The designed QFT-based controller is also tested and compared with PID controller via simulation. The test results showed that the QFT-based controller works better than PID controller in terms of shorter settling time and smaller percentage of overshoot for the grain dryer plant under study and at the same time insensitive to parameter changes i.e. input and output disturbances.
Introduction
Quantitative Feedback Theory (QFT) is one of robust controller techniques that deal with parameter variation in plant or uncertainty. Introduced by Professor Isaac Horowitz in 1970s, QFT gains its popularity in solving many industrial control problems. QFT design objective is to design and implement robust control for a system with structured parametric or non parametric uncertainty that satisfies the desired performance specifications [1] . QFT has been proven as a robust controller technique as it has been applied to many industrial applications for example in flight control system, marine auto-pilot and robotic [2, 3 and 4] . Those plants experienced parameter uncertainty and this also occurred in grain dryer plant.
Grain dryer plant is very difficult to control because it involves very complex process, affected by environmental conditions and exposed to disturbances. These factors would result in variation in the plant; known as parameter uncertainty. Grain needs to be dried quickly before storage as it can easily get rotten due to the effect of temperature, mould growth and insects. A decent control system for a grain dryer is needed to replace traditional way of drying under the sun and to fulfil the increasing demand from the consumer with efficient energy consumption. Very few automatic controllers used in the commercial grain dryer because of lack of accuracy and robustness caused by inexactness in the process models of the dryers [5] . Existing controllers those are already applied to various grain dryers are PID, fuzzy logic, adaptive fuzzy logic, and adaptive controller, to name a few.
Considering the strength of QFT technique and the need of grain drying process for a robust controller that can deal with parameter uncertainty, this study is proposed. The grain dryer is required to reduce the initial grain moisture content from 17% to 14% so that the grain is safe for storage, at the same time able to reject any kind of disturbances.
The grain dryer under investigation is a continuous-flow conveyor belt type. The QFT design procedure will be based on the mathematical model of the grain dryer obtained from the previous study which is in the form of low order transfer function. The model was obtained based on input/output data collected from real-time experiment using system identification method. The detail from the previous study can be found in [6] .
QFT Design Procedure
The continuous-flow grain dryer plant is represented by third order mathematical model. The plant is considered to have ± 5% variation from the nominal plant to deal with uncertainty and nonlinearity. The mathematical model with the parameter variation is given in Eq.1. In QFT, the controller design is based on pre-defined specifications of the output response, for any variation in plant P(s). The following specifications are considered for the grain dryer control system.
1. Robust stability margin 2. Robust output disturbance rejection 3. Robust input disturbance rejection i. First, templates are generated. Plant templates in Fig. 1 shows the variation of templates for selected frequencies between 0.1 to 50. The plant experience the greatest change in behaviour at ω = 3 and ω = 4. This can be seen from large change in templates shape in Fig. 1 . Therefore extra attention needs to be taken at these frequencies in the rest of the design.
ii. Given the plant templates, QFT translate the closed-loop specifications into magnitude and phase constraints on a nominal open-loop function. These constraints are known as QFT bounds. Fig. 2 shows the robust margin bounds based on the robust stability margin specification in Eq. 2. The nominal loop must lie above or on the solid line in order to meet the particular specifications. On the other hand, the nominal loop must lie below or on the dashed line in order to meet the particular specifications.
iii. Fig. 3 shows the robust output disturbance rejection bounds. It is defined for a finite frequency range that is related to a closed-loop system bandwidth and spectrum of disturbances. In grain dryer plant case, the bandwidth chosen is between 0.1 to 4. At high frequency band, the
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magnitude of transfer function is very small; hence its contribution to the time response of the system is almost negligible. The specification of the robust output disturbance bound is described by Eq. 3 iv. Eq. 4 describes the specification of input disturbance rejection. The nominal loop bounds of robust input disturbance rejection are shown in Fig. 4 . v. All bounds are then combined on a single Nichols chart plane. Then, the intersections of bounds are calculated based on the worst case bound of all sets. The figures of combinations of all bounds and their intersections are shown in Fig. 5 and Fig. 6 respectively. 
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vi. Having computed all bounds (stability and performance), the next step is to do loop shaping. Loop shaping is a procedure where the designer shapes the nominal loop function to meet its bounds. The nominal loop has to satisfy the worst case of bounds. QFT toolbox Interactive Design Environment (IDE) is used to simplify the loop shaping process [7] . The loop shaping of the nominal loop is shown in Fig. 7 . In this study, the obtained controller for the pre-defined specifications for the grain dryer plant is given by the Eq. 5. Loop shaping process using IDE [7] .
Analysis of QFT Design
The analysis procedure is important to ensure the designed controller meets the pre-defined specifications in Eq. 1 to Eq. 4. The analysis of robust margin, robust output disturbance and robust input disturbance are illustrated in Fig. 8 to Fig. 10 . The response must lie below the dotted lines which represent the worst case conditions. From those figures, it can be conclude that the closedloop response of plant meets the pre-defined specifications successfully, for all frequencies. This can be seen from the figures where the response (in solid line) lies below the specified margin (in dotted line) at all frequencies. 
Performance Test of Robust QFT-based Controller
The designed QFT-based controller has been tested for tracking capability and the effect of disturbances acting on the plant. For a comparative study, a PID controller has been designed. The tuning mechanism is done via well known Ziegler-Nichols method [8] .
Test 1 -Reduction of grain moisture content (17% to 14%). The grain dryer control system is required to track the desired grain moisture content of 0.14 from the grain initial moisture content of 0.17 w.b. As shown in Fig. 11 , both QFT-based and PID controllers are able to reduce the grain moisture content from 0.17 to 0.14 w.b. However, QFT-based controller shows superior performance than PID controller where the first has settling time of 25 sampling events and 3.57% percentage of overshoot whereas the latter has double settling time and 10.71% percentage of overshoot. Test 2 -Disturbance Rejection. Input and output disturbances have been applied to the system. When step input disturbance was injected, the plant experienced very minor effect. However, the plant considerably affected when step output disturbance was applied. The grain moisture content was increased by magnitude of 0.01. Nevertheless, the QFT-based controller manages to bring the response to the desired moisture content after 25 samples. 
Conclusion
The design procedure of QFT-based controller for a continuous-flow grain drying plant has been presented. The obtained controller has been confirmed to meet the desired specifications from the analysis procedure. From the comparative study made between QFT and PID controller, QFT-based controller shows superior performance than PID controller tuned by Ziegler-Nichols method. QFT produce faster response and less percentage of overshoot. The QFT-based controller also rejects the effect of disturbances effectively.
